1,3,4-Thiadiazole and sugar-derived molecules have proven to be promising agrochemicals with growth promoting, insecticidal and fungicidal activities. In the research field of agricultural fungicide, applying union of active group we synthesized a new set of 1,3,4-thiadiazole xylofuranose derivatives and all of the compounds were characterized by 1 H NMR and HRMS. In precise toxicity measurement, some of compounds exhibited more potent fungicidal activities than the most widely used commercial fungicide Chlorothalonil, promoting further research and development. Based on our experimental data, 3D-QSAR (threedimensional quantitative structure-activity relationship) was established and investigated using comparative molecular field analysis (CoMFA) and comparative molecular similarity indices analysis (CoMSIA) techniques, helping to better understand the structural requirements of lead compounds with high fungicidal activity and environmental compatibility.
Introduction
1,3,4-Thiadiazole is a privileged five-membered heterocyclic scaffold with interesting properties, incorporation which often improves the desirable properties of the active molecules in medicinal chemistry. [1] [2] [3] [4] [5] [6] Besides being used as drugs, 1,3,4-thiadiazole and their derivatives have also been widely applied as agrochemicals with a broad spectra of bioactivities, [7] [8] [9] [10] [11] [12] [13] among which their fungicidal activity particularly attracted our attention as part of the comprehensive project for developing agricultural fungicides in our group. [14] [15] [16] [17] Sugar-derived molecules participate in various vital processes, exhibiting crucial physiological and biological activities, especially in specific molecular recognition. Many natural products composed of carbohydrate moieties show great bioactivities, which make them widely used as drugs and pesticides. [18, 19] Besides the bioactivities, carbohydrates have also been widely used to modify small biomolecules to tune their physical properties, such as water solubility and pK a values to increase the bioactivities and/or decrease toxicities. [20] a1111111111 a1111111111 a1111111111 a1111111111 a1111111111
With the idea of utilising the unique bioactivities of sugar-derived molecules, we have reported a hybrid of D-xylofuranose and 1,3,4-thiadiazole with promising fungicidal properties and found that the lipophilicity of these compounds is one of the key parameters for their fungicidal activities (Fig 1A) . [17] As a continuation in our endeavour of searching for more effective fungicidal agents, we have designed a new series of structures ( Fig 1B) containing 1,2-O-isopropylidene to retain the lipophilicity, and replaced the 3-O-moieties with simple ethers. Twenty-two new xylofuranose-1,3,4-thiadiazole derivatives were synthesized and bioassayed. Furthermore, we have studied the COMFA and CoMSIA models through researching structure-activity relationship, which may be used in designing and predicting the fungicidal activity of novel molecules.
Results and discussion

Synthesis
Synthesis of the title compounds was achieved by coupling 3-O-substituted furanosyl aldehydes (f and g) and substituted thiosemicarbazides (h) in refluxing CH 2 Cl 2 , followed by oxidative cyclization over MnO 2 with an overall yield of 68%-91% over two steps (Fig 2) . The proton (on chiral carbons) assignments for title compounds were done with the aid of 2D NMRs, including COSY, HSQC and HMBC NMRs. The typical COSY and HMBC correlations in a representative compound l8 are illustrated in Fig 3. The two key intermediates, i.e., aldehydes (f and g) and thiosemicarbazides (h), were obtained from commercially available D-glucose and substituted arylamines as starting materials following the literature reported procedure. [21] [22] [23] Preliminary measurement of fungicidal activity
In vitro fungicidal activities of title compounds k/l against six fungal species (S. Sclerotiorum, P. CapasiciLeonian, B. Cinerea, R. Solani, P. Oryae and P. asparagi) were first tested at a concentration of 50 μg/mL (see S1 Table) . The bioassay results showed that the title compounds exhibited significant fungicidal activities against the six tested species, especially against Sclerotinia sclerotiorum.Thirteen out of the twenty-two tested compoundsshowed 90% or more inhibition against S. sclerotiorum at this concentration. However, the number of the tested title compounds with an inhibition rate over 90% against P. CapasiciLeonian, Botrytis cinerea, Rhizoctonia solani, Pyricularia oryae and Phomopsis asparagi was 5, 6, 0, 4 and 4, respectively. Compounds k1, k5, k6, k8, l5, l6 and l8 are the most broad-spectrum boasting inhibitition rates over 90% for at least three tested fungi.
Precise toxicity measurement of fungicidal activity
Since most of the title compounds exhibited excellent fungicidal activity against S. sclerotiorum, precise bioassay against this fungi was carried out. As shown in Table 1 , more than half of the title compounds (13/22) showed promising fungicidal activity against S. Sclerotiorum with EC 50 values lower than 3 μg/mL. Particularly, compounds k1, k8, l1 and l5 (the EC 50 values of which are 0.52, 0.43, 0.46 and 0.57 μg/mL, respectively) showed comparable fungicidal activity with the commercial fungicide chlorothalonil (EC 50 = 0.59 μg/mL).
Prediction of the LogP rate of target compound and toxicity is presented in Supporting Information (S3 Table) .
CoMFA and CoMSIA model
In the target molecules, there are two variable groups which are substituent R 1 on the sugar ring and R 2 on the benzene ring. Comparative molecular field analysis (CoMFA) and Synthesis, fungicidal evaluation and 3D-QSAR studies of novel 1,3,4-thiadiazole xylofuranose derivatives comparative molecular similarity indices analysis (CoMSIA) were applied to research the relationship of substituents and inhibitory activity. The result of molecular superimposition is shown in Fig 4. As shown in Table 2 , all selected compounds in the training set were aligned with each other based on the template k8. The CoMFA model exhibited contribution of steric (59.5%) To investigate the significance of hydrophobic and H-bond fields on the activities, CoMSIA analysis was performed using steric, electrostatic, hydrophobic, and H bond donor and acceptor descriptors. Considering the combination of all the fields, the results are displayed in Table 2 . As shown in the table, the combination of steric field, electrostatic field, hydrophobic field, and hydrogen bond acceptor field was proven to be the best model with r The Coefficient of cross validation q 2 of COMFA and COMSIA models are greater than 0.5, so the established 3D-QSAR model has good prediction ability. Table 3 shows the relationship of the predicted values and experimental values.
3D-QSAR contour maps
The steric and electrostatic contour maps of the COMFA and COMSIA models are shown in Fig 7a and , which was coincident with our CoMFA result, verified that a smaller R 2 group was an essential factor for activity. For k2 and l4, the presence of a methyl group on the benzene ring of represented regions where the hydrophobic group would be unfavorable. The ortho-position of R 2 was covered by a white region. Take compounds k6/l6 as an example. A Cl atom is in the area. Because of the good hydrophilicity of Cl, the activity was increased. There was a yellow region at the meta-position of R 2 . Take compounds k7/l7 and k9/l9 as an example. It was clear that compounds with naphthyl (k7/l7) showed higher activity than compounds with less hydrophobic benzene ring (k9/l9). In Fig 7d , the magenta and red contours depicted the position where hydrophobic groups would be favorable or unfavorable, respectively. From the Fig 7f, we can conclude that if hydrogen bond acceptors was added at the ortho-position of benzene ring, the activity will improve.
To identify the putative targets, the structure information of the title compounds has been submited to Pharm Mapper Server [http://lilab.ecust.edu.cn/pharmmapper/index.php] [24, 25] and the resulting targets prediction of the 22 compounds and the highest fit score are shown in Table 4 . In addition, the targets prediction and the normalized fit score are shown in Table 5 . According to the normalized fit score, the Carbonic anhydrase 2(PDB ID: 1ZGF) is the most suitable target for our compounds. The feature number and the target prediction are shown in supporting information (S4 Table) .
Compared to our previous study, [17] twenty-two new 1,3,4-thiadiazole xylofuranose derivatives with different moiety on C-3 of sugar ring were synthesized and bioassayed in the present work. Based on the structure and fungicidal activity results, 3D-QSAR was established and investigated using CoMFA and CoMSIA. The established models will facilitate the development of more potent pesticide molecules. Synthesis, fungicidal evaluation and 3D-QSAR studies of novel 1,3,4-thiadiazole xylofuranose derivatives
Methods and materials
General methods
All starting materials and reagents were commercially available and used without further purification except as indicated. H-NMR (300 MHz) and 13 C-NMR (75 MHz) spectra were recorded in CDCl 3 or DMSO-d6 with a Bruker DPX300 spectrometer, using TMS as internal standard; Mass spectra were obtained with Agilent 1100 series LC/MSD mass spectrometer. High-resolution mass spectra (HRMS) was performed by Peking University. Melting points were measured on a Yanagimoto melting-point apparatus and are uncorrected.
Chemical synthesis. General procedure for the syntheses of substituted aldehydes f and g. [22] Compound a (26 g, 0.10 mol) was dissolved in anhydrous acetone (150mL) containing potassium hydroxide (7.4 g, 0.13 mol) and tetrabutyl ammonium bromide (1.2 g, 3.7mmol), Synthesis, fungicidal evaluation and 3D-QSAR studies of novel 1,3,4-thiadiazole xylofuranose derivatives then iodomethane (7.6 mL, 0.15 mol) was added dropwise to the solution over 30 min at -10˚C. The temperature was slowly raised to r.t. and the mixture was stirred for another 1 h; TLC (PE-EtOAc, 3:1) indicated completion. The solution was concentrated and then the mixture was diluted with CH 2 Cl 2 (100 mL), washed with water (3 ×100 mL), and dried (Na 2 SO 4 ). The solution was concentrated and the crude product b/c could be directly used for the next step without further separation and purification.
Compound b/c (0.1 mol) was dissolved in 70% AcOH (200 mL) and stirred for 1.5 h at 75˚C; TLC (PE-EtOAc, 2:1) indicated completion. The mixture was concentrated under reduced pressure and then co-evaporated with toluene (3 × 100 mL). The crude product d/e was obtained and could be directly used for the next step without further separation and purification.
To a stirred solution of SiO 2 -NaIO 4 -H 2 O (100g) in CH 2 Cl 2 (200 mL) was added Compound d/e (0.1 mol) in CH 2 Cl 2 over 30 min at r.t. The mixture was stirred for another 1 h; TLC (PE-EtOAc, 3:1) indicated completion. The mixture was filtered and the the solution was concentrated, and purification of the residue by column chromatography (silica gel, PE-EtOAc, 4:1) gave g/f as a white solid in 87% overall yields. General procedure for the syntheses of oxidation system SiO 2 -NaIO 4 -H 2 O.
To a 70˚C solution of NaIO 4 (25.7 g, 0.12 mol) in deionized water (100 mL) was added 200-300 mesh silica gel (100g) in several portions, and the system was stirred for 0.5 h. The oxidation system SiO 2 -NaIO 4 -H 2 O was obtained and could be used for the reactions directly. General procedure for the synthesis of intermediate compounds i/j.
A solution of aldehyde f/g (5.5 mmol) and thiosemicarbazide h (5 mmol) in CH 2 Cl 2 (100 mL) was heated to reflux for 6 h, at the end of which time TLC (eluent: 2:1 petroleum Synthesis, fungicidal evaluation and 3D-QSAR studies of novel 1,3,4-thiadiazole xylofuranose derivatives ether-EtOAc) indicated that the reaction was complete. The solvent was evaporated under diminished pressure at 40˚C to give a white solid, and the crude product was used for next step directly without purification. General procedure for the synthesis of title compounds k/l. To a stirred solution of compound i/j (5.0 mmol) in CHCl 3 (80 mL) was added MnO 2 (10 g). The mixture was stirred for a further 1 h, at the end of which time TLC (eluent: 2:1 petroleum ether-EtOAc) indicated that the reaction was complete. After filtration, the filtrate was evaporated under reduced pressure to give a crude product, which was purified on silica gel column chromatography with 4:1 petroleum ether-EtOAc as the eluent to give the compounds k/l. 
2-(4-Bromophenylamino)-5-(2R,3S-O-isopropylidene-4S-O-methyl-tetrahydrofuro-
H-NMR
Fungicidal assays
Each of the test compounds were dissolved in DMSO. Fungicidal activities of compounds k, and l against Sclerotinia sclerotiorum, P. CapasiciLeonian, Botrytis cinerea, Rhizoctonia solani, Pyricularia oryae and Phomopsis asparagi were evaluated using the mycelium growth rate test.
Inhibition rates of compounds k and l against Sclerotinia sclerotiorum, P. CapasiciLeonian, Botrytis cinerea, Rhizoctonia solani, Pyricularia oryae and Phomopsis asparagi at 50 μg/mL were determined first and the results are shown in SI. Then EC 50 values were estimated using logit analysis. The commercial fungicide chlorothalonil was used as a control in the above bioassay.
CoMFA and CoMSIA model
All computational studies were performed using SYBYL-X2.0 software. The compounds were built from fragments in the SYBYL database. Each structure was fully geometry-optimized by MINIMIZE module using the standard MMFF94 force field with a distance-dependent dielectric function and a 0.21 kJ/mol•nm energy gradient convergence criterion 1000 times. After optimization, considering all the carbon, nitrogen, sulfur atoms and oxygen atoms, superimposition of the molecules was carried out by Alignment Database module, using the most active compound k8 as a template molecule for aligning the other analogues.
For each of the alignments, calculation of CoMFA steric and electrostatic fields were separately carried out at each lattice intersection on a regularly spaced grid of 1 nm x 1 nm x 1 nm units in X, Y, and Z directions. The van der Waals potential and columbic terms, which represent the steric and electrostatic terms, respectively, were calculated using the standard Tripos force field. A distance dependent dielectric constant of 1.00 was used. An sp3 carbon atom with a van der Waals radius of 1.52 Å and +1.0 charge was selected as the probe to compute the steric and electrostatic fields. Values of the steric and electrostatic energy were truncated at 30 kcal/mol. The electrostatic contributions were ignored at the lattice intersection with maximal steric interactions.
CoMSIA calculates similarity indices at the intersections of a surrounding lattice. The similarity indices descriptors were derived with the same lattice box used in CoMFA. The five CoMSIA fields available within SYBYL (steric, electrostatic, hydrophobic, hydrogen bond donor and acceptor) were calculated at the grid lattice point using a probe atom of 1 Å radius as well as the charge, hydrophobic and hydrogen bond properties of H.
Conclusion
In this study, twenty two xylofuranose modified 1,3,4-thiadiazole derivatives were designed and synthesized. Some of the title compounds exhibited excellent antifungal activities against Sclerotinia sclerotiorum, among which, compounds k1, k8, l1 and l5 showed even better fungicidal activities than the commercial fungicide Chlorothalonil. Based on the COMFA and CoMSIA models, we provided a way to enhance the antifungal activity by changing the hydrophilicity, electrostatic property and volume of the substituents. Our suggested requirements of the molecular structures identified through 3D-QSAR are consistent with the experimental results, which can help in designing more active fungicides. 
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